Background: Studies on the association between long-chained n-3 polyunsaturated
| INTRODUCTION
Venous thromboembolism (VTE) is a common cardiovascular disease (CVD) with an annual incidence of 1-2 per 1000 in adult western populations.
1-3 VTE constitutes a significant public health burden due to debilitating long-term complications and a potentially fatal outcome. 4, 5 Contemporary data have shown that the incidence of VTE has remained stable or increased slightly over the past decades, 6, 7 which contrasts with the declining rate observed in arterial CVD. 8, 9 Thus, there is a need to identify new strategies to reduce the burden of VTE.
Food habits may have a significant influence on health. Dietary intake of fish and marine food products is associated with several health benefits including lower risk of fatal and non-fatal arterial CVD, [10] [11] [12] and is now implemented in dietary guidelines worldwide. [12] [13] [14] The beneficial effects are largely attributed to the essential long-chained n-3 polyunsaturated fatty acids (n-3 PUFAs, ie, eicosapentaenoic
acid [EPA], docosapentaenoic acid [DPA] and docosahexaenoic acid
[DHA]). [10] [11] [12] n-3 PUFAs have also been associated with key pathways in the VTE pathogenesis, including downregulation of inflammation, 15 tissue-factor expression, 16, 17 platelet function, 18 and platelet-endothelium interactions. 19, 20 Despite this, epidemiological data on the association between fish or n-3 PUFA intake and the risk of incident VTE is conflicting. Two prospective cohorts, the Tromsø Study 21 and the Atherosclerosis Risk in Communities (ARIC) Study, 22 reported a beneficial association. In contrast, results from the Iowa Women's Health Study suggested a small adverse association between fish intake and the risk of VTE. 23 Finally, the Diet Cancer and Health (DCH) Study 24 and a cohort of US nurses and physicians 25 did not find any association between intake of fish or n-3 PUFAs and VTE risk.
The inconsistent findings regarding the association between fish or n-3 PUFA consumption and VTE risk in longitudinal studies may partly be attributed to methodological aspects, including exposure assessment and data handling. First, the content of n-3 PUFAs in fatty fish can be up to seven-to eightfold higher than in lean fish, and dietary supplements comprise even higher n-3 PUFA concentrations. 26, 27 It is therefore possible to have a high intake of (lean) fish and simultaneously a relatively low intake of n-3 PUFAs. This has been accounted for in various ways depending on the available data in the published studies. The exposure assessment has varied from frequency of fish intake regardless of n-3 PUFA content, 23 via frequency of fatty and lean fish intake with or without fish oil supplements, 21, 24 to estimated total intake of n-3 PUFAs based on answers in food frequency questionnaires. 22, 25 Of note, only one of the published studies has validated the information of intake obtained from self-reported questionnaires against objective measurement of n-3 PUFA concentrations in serum. 21 Moreover, the majority of studies have assessed fish or n-3 PUFA intake at baseline only. 21, 23, 24 As dietary habits may change during a long follow-up, these risk estimates may be subjected to regression dilution bias. 28 In the present study, we computed a comprehensive variable of total intake of marine n-3 PUFAs based on contributions from lean fish, fat fish, and supplements. We also included fish as spread, which contains a higher amount of n-3 PUFAs per serving unit than lean fish does for dinner (Table S1 ). Further, the intake of n-3 PUFAs was modeled as a time-varying variable to account for dietary changes during follow-up. Finally, as a potential effect of n-3 PUFAs could be explained merely by substitution of otherwise unhealthy foods, we also investigated the effect of total fish intake on the risk of VTE, regardless of n-3 PUFA content. 
| METHODS

| Study population
| Measurements
Exposure information was obtained via physical examinations, nonfasting blood samples and self-administered questionnaires. Height
Essentials
• It is uncertain if intake of marine fatty acids (n-3 PUFAs) influences the risk of venous thromboembolism (VTE).
• The association was explored accounting for variation in dietary intake over time.
• Intake of n-3 PUFAs exceeding 4.7 g/week was associated with 22%-26% lower VTE risk.
• The association was most pronounced for provoked pulmonary embolism (PE), with 39%-60% lower risk.
(in cm) and weight (in kg) were measured with participants dressed in light clothes with no shoes, and BMI was calculated as weight divided by the square of height (in m, kg/m 2 ). Blood pressure and serum lipid concentrations were assessed according to procedures described previously. 30 Information on fish intake, use of dietary supplements, education, current smoking, diabetes, and prior CVD (comprising myocardial infarction, angina pectoris, and stroke) were based on self-administered questionnaires. Information on cancer history was obtained from the Norwegian Cancer Registry.
| Assessment and validation of marine n-3 PUFA and fish intake
Information on dietary intake was obtained by self-administered questionnaires. 31 In Tromsø 4, participants aged <70 years were asked to report how frequently they consumed lean and fat fish for dinner and how often they used fish as spread on bread (never, <1, 1/week, 2-3/week, 4-5/week, or daily). Participants aged ≥70 years received a similar questionnaire, but with fewer options (never, <1/week, 1/ week or ≥2/week). These assessments were repeated in Tromsø 6, however, the frequency options differed slightly from those in the Tromsø 4 questionnaire (0-1/month, 2-3/month, 1-3/week, 4-6/ week, or 1-2/day. In both surveys, the participants were also asked to report whether they used fish oil or any supplements containing n-3 PUFAs (never, sometimes, or daily). In order to estimate the total intake of marine n-3 PUFAs, we first calculated the average content of n-3 PUFAs in different food items and supplements based on information obtained from official web resources (Table S1) . 26, 27 Standard serving sizes were defined according to recommendations from the Norwegian Directorate of Health. 13 One serving unit of fish for dinner was defined as 200 g, and one serving unit of fish as bread spread was 25 g (Table S1 ). Total weekly intake of fish was calculated as the sum of frequency (of lean and fat fish) multiplied by serving size. Total weekly intake of marine n-3 PUFAs was calculated as the sum of frequency multiplied by amount of n-3 PUFAs per serving derived from intake of fat and lean fish, fish as bread spread and fish oil supplements.
Frequencies reported as ranges in the questionnaire (eg, 2-3/week)
were recoded to the mean value (eg, 2.5/week). For participants aged ≥70 years in Tromsø 4, the highest frequency option (≥2/week) was recoded to 2.5/week. In the questionnaires, it was possible to report fish for dinner daily. As this option was considered unrealistic and appeared to be relatively uncommon (<2%), it was recoded to 2.5/week.
In order to validate the self-reported intake of marine n-3 PUFAs, the serum concentration of marine derived n-3 PUFAs (EPA, DPA Q1 (n = 6970) Q2 (n = 7012) Q3 (n = 6967) Q4 (n = 6913) (17) 133 (20) 133 (20) 138 (23) Diastolic blood pressure, mmHg 76 (11) 77 (11) 77 (11) 78 (11) Current smoking TA B L E 1 Characteristics according to observational periods across quartiles of marine n-3 PUFA intake in the Tromsø Study a and DHA) in the cholesterol-ester fraction was measured in a subgroup of participants (n = 1167) in Tromsø 4, according to procedures described previously. 
| Outcome assessment
Incident VTE during follow-up was identified by searching the hospital discharge registry, the radiology procedure registry, and the autopsy registry at the University Hospital of North Norway (UNN).
UNN exclusively provides diagnostic work-up and treatment of VTE in the study region, and the discharge registry comprises both out- The remaining cases were categorized unprovoked. The events were also classified as DVT or PE based on localization, and coexisting DVT and PE was classified as PE. TA B L E 3 IRs and HRs with 95% CIs for VTE, PE, and DVT, overall and stratified by the presence of provoking factors, across quartiles of weekly intake of marine n-3 PUFAs in the Tromsø Study a n-3 PUFA intake (g/wk)
| Statistical analysis
Person In addition to analyzing across quartiles of n-PUFA intake, Cox analyses with a restricted cubic spline with four knots fitted to the n-PUFA intake values were performed and plotted.
The proportional hazards assumption was evaluated and confirmed based on Schoenfeld residuals using a global test. Statistical interactions between sex and n-3 PUFA intake (sex*n-3 PUFA intake) and sex and fish intake (sex*fish intake) were tested by including the cross-product terms separately in the fully adjusted models, and no interactions were found.
To evaluate the validity of the self-reported data, mean serum concentrations of n-3 PUFAs across quartiles of self-reported intake of n-3
PUFAs were displayed in a histogram for a subgroup of participants (n = 1167). Linear regression analysis was used to test the association between quartiles of self-reported intake and serum concentration of n-3 PUFAs. Finally, because dietary habits may change over time, we performed sensitivity analyses with follow-up restricted to maximum 5 years in order to limit potential bias due to regression dilution.
| RESULTS
The mean age at enrollment was 46 ± 14 years and 48.6% of the of the study population were men. The median intake of n-3 PUFAs and fish per week was 11.1 g (IQR: 3.6-27.8) and 406 g (IQR: 250-700) at baseline, respectively. Characteristics, assessed at the start of each observational period, across quartiles of total n-3 PUFA intake are reported in Table 1 . Mean age, serum high-density lipoprotein (HDL)
cholesterol, blood pressure, and the prevalence of diabetes, cancer and CVD increased with higher intake of n-3 PUFAs, while mean serum triglyceride concentration was lowest in those with the highest intake and the proportion of smokers was highest in those with the lowest intake. A similar pattern was observed across quartiles of total fish intake (Table S2 ). Serum concentration of marine derived n-3 PUFAs across quartiles of self-reported intake in the subgroup of participants (n = 1167) are shown in Figure 1 . There was a significant dose-dependent increase in serum concentration with higher intake of n-3 PUFAs (P < 0.001).
There were 541 incident VTE events during 338 488 person-years of follow-up, and the crude IR was 1.6 per 1000 person-years (95% CI 1.5-1.7). Median duration per observation period was 11.6 years (range: 7 days to 22 years). The mean age at incident VTE was 67 ± 13 years and 52% of the VTE events occurred in men. Further, 57% of the events presented as DVTs and 58% were provoked, with cancer as the most common provoking factor (Table 2) . VTE characteristics according to quartiles of n-3 PUFA intake are shown in Table   S3 . There was a striking trend showing that surgery was a less prevalent provoking factor with increasing n-3 PUFA intake.
The HRs of VTE across quartiles of weekly n-3 PUFA intake are presented in Table 3 . Overall, individuals with an n-3 PUFA intake above the reference (≥4.7 g/week) had a significant 22%-26% lower risk of VTE. The largest risk difference was observed between the two lowest quartiles and there was no evidence for additional protection with increased weekly intake (Model 1, P = 0.12). Sub-analyses re- PUFA intake modeled as a restricted cubic spline and the risk of total VTE and provoked PE, respectively. There was a steep decline in risk 
TA B L E 3 (Continued)
with an n-3 PUFA intake above the first quartile (ie, ≥4.7 g/week), and no evidence for further beneficial effects with increasing intake.
Due to the lack of a dose-dependent effect of n-3 PUFA intake on the risk of VTE, the three upper quartiles (Q2-4) were merged for further analyses (Table 4) . Overall, the risk of VTE was 24% (HR 0.76, 95% CI 0.62-0.94) lower in those with an n-3 PUFA intake ≥4.7 g/ week. Again, the largest effect sizes were observed in relation to provoked VTE (HR 0.69, 95% CI 0.53-0.91) and provoked PE (HR 0.48, 95% CI 0.32-0.72).
Results from the sensitivity analyses with follow-up restricted to 5 years are shown in Table S4 . Overall, the trends were similar as in the main analyses. However, the point estimates indicated a slightly stronger association between intake of n-3 PUFAs and the risk of VTE, although the confidence intervals were wider. There were only 189 VTE events during the initial 5 years of follow-up, resulting in low statistical power for these analyses. When the risk of VTE was explored across quartiles of weekly fish intake, regardless of n-3 PUFA content, no significant associations were observed (Table S5) .
Baseline characteristics of included participants and those excluded due to incomplete data on fish intake and use of fish oil supplements are shown in Table S6 . Included participants were younger, healthier and were more likely to have higher education compared to those who were excluded.
| DISCUSSION
In the present study, we investigated the association between self-reported intake of marine n-3 PUFAs validated against measurements of serum concentration, and the risk of incident VTE in a large population-based cohort taking changes in food habits into consideration. We observed an inverse association between the intake of n-3 PUFAs and VTE risk that displayed a threshold pattern occurring at a moderate weekly consumption (>first quartile, ≥4.7 g/ week). The association was mainly driven by an effect on provoked events, and particularly PE. On the other hand, total weekly intake of fish was not associated with the risk of VTE, which supports the hypothesis that n-3 PUFAs exert the protective effect.
Previous reports on the association between n-3 PUFAs or fish intake and the risk of VTE have been conflicting, and a recent systematic review concluded that a risk modifying effect of fish consumption has meager support in the literature. 32 However, the present results are in support of two previous studies suggesting that a moderate intake of fish or n-3 PUFAs is associated with a lower risk of VTE. 21, 22 In our former report from the Tromsø Study, we investigated the association between the weekly frequency of fish for dinner and the risk of VTE. 21 A total of 23 621 men and women were followed for a median of 15.8 years. We found that fish intake ≥3 times per week was associated with a non-significant 22% lower risk of VTE compared to intake 1-2 times per week, while an intake ≥3 times per week in combination with fish oil supplements was associated with a significant 48% lower risk compared to intake one to two times weekly without supplements. This suggests that the beneficial effect may be mediated by n-3 PUFAs. Further, in the ARIC study, a cohort of 14 962 middle-aged adults, a 30%-45% lower VTE risk was reported for an n-3 PUFA intake exceeding 0.7 g/week, and a similar effect was observed for fish intake exceeding one serving per week. 22 Information on dietary intake was based on self-report at baseline with reassessment after 6 years, and cumulative averages were calculated for participants with two measurements during the 12.5-year follow-up. However, data from two other cohort studies suggest no or non-significant associations. In the DCH Study, an intake of fatty fish at baseline exceeding 35 g/week in women and 49 g/week in men was associated with a non-significant 20%-40% F I G U R E 2 Dose-response relationship between weekly intake of marine n-3 PUFAs (modelled as a restricted cubic spline with four knots) and the risk of VTE. The regression model is adjusted for age (as time scale), sex, and BMI. The solid line represents the HR and the shaded area shows the 95% CI. The density plots shows the distribution of n-PUFAs intake, and the vertical lines represent the 25th, 50th, and 75th percentiles. BMI, body mass index; CI, confidence interval; HR, hazard ratio; PUFAs, polyunsaturated fatty acids; VTE, venous thromboembolism F I G U R E 3 Dose-response relationship between weekly intake of marine n-3 PUFAs (modelled as a restricted cubic spline with four knots) and the risk of provoked PE. The regression model is adjusted for age (as time scale), sex and BMI. The solid line represents the HR and the shaded area shows the 95% CI. The density plots shows the distribution of n-PUFAs intake, and the vertical lines represent the 25th, 50th, and 75th percentiles. BMI, body mass index; CI, confidence interval; HR, hazard ratio; PE, pulmonary embolism; PUFAs, polyunsaturated fatty acids lower risk of unprovoked VTE, 24 while a large US study of 129 430 adults did not find any association between the intake of n-PUFAs or fish and VTE risk. 25 Finally, in the Iowa Women's Health Study, ≥2.5 servings of fish per week was associated with a 22% higher risk of VTE compared to <0.5 serving per week. 23 Most studies reporting on the association between n-3 PUFAs or fish intake and the risk of VTE have assessed intake at baseline only. 21, 23, 24 However, as dietary behavior is likely to fluctuate over time, non-differential misclassification of participants may occur during a long follow-up, typically leading to regression dilution and underestimation of the true association. 33, 34 In the present study, we addressed this issue by including n-3 PUFA intake as a time-varying variable in the regression analyses where the exposure information was updated for those participating in both surveys. This resulted in a shorter time interval between assessment of exposure and outcome for a part of the study population (27%). Still, sensitivity analyses with observation time further restricted to maximum 5 years yielded stronger risk estimates, suggesting that our main analyses are still subject to regression dilution and that the true association between n-3 PUFA intake and VTE risk is likely to be stronger.
Theoretically, a high intake of fish may substitute otherwise unhealthy foods and evoke health effects irrespective of the contents in fish (eg, n-3 PUFAs). In the present study, we found that the beneficial association was restricted to the intake of marine n-3 PUFAs, and no relationship was observed between total fish intake and the risk of VTE. Similarly, studies reporting separate analyses for intake of lean and fatty fish (ie, low and high n-3 PUFA content) have generally found largest effect sizes in relation to fatty fish and fish TA B L E 4 IRs and HRs with 95% CIs for VTE, PE, and DVT, overall and stratified by the presence of provoking factors, by weekly intake of marine n-3 PUFAs a oil supplements. 21, 24 This suggests that a high-fish diet may not be sufficient, and that n-PUFAs are key components to modulate the risk of VTE. We further observed that the nature of the association between the intake of n-3 PUFAs and VTE risk displayed a threshold pattern, where the largest risk difference occurred between the two lowest quartiles. A similar pattern was also observed in the ARIC Study 22 and in the DCH Study, 24 which suggests that a low intake of n-3 PUFAs may be a risk factor for VTE. However, due to the study location, the average intake of n-3 PUFAs was relatively high in our study, and the exact threshold for an effect remains to be identified.
We found that the beneficial association between intake of n-3
PUFAs and VTE was strongest in relation to provoked events. We further observed that the prevalence of surgery as a provoking factor decreased with increasing intake of n-PUFAs. Interestingly, this is in accordance with ecological data from Norway showing that the incidence of postoperative VTE dropped markedly during World War II (1940-1945), 35 a period in which the diet was characterized by a high intake of fish and a low intake of saturated fat. 36 Interpreted in light of the thrombosis potential model, 37 this may suggest that an individual with an adequate n-3 PUFA intake has a lower baseline risk of VTE or a lower incidence of VTE-related triggers and comorbidities, compared to an individual with inadequate intake. Given that other characteristics are equal, it follows that a given provoking factor more readily exceeds the threshold for thrombus formation under inadequate intake of n-3 PUFAs. Potential pathways for an protective effect of n-3 PUFAs on VTE risk include downregulation inflammation, 15 tissue-factor expression, 16, 17 platelet function, 18 and plateletendothelium interactions. 19, 20 Further, as PE traditionally has been considered as a complication to DVT, it may also be speculated that n-PUFAs influence the clot structure, providing more stable clots that are less prone to embolization. However, PE may also occur due to whole-clot embolization, de novo formation in the lungs or have a cardiac origin. 38 Consequently, the protective effect of n-3 PUFAs on provoked VTE, particularly PE, could be explained by a lower prevalence of VTE-related disease (eg, atrial fibrillation). 39, 40 The major strengths of our study include a large cohort with high participation rates, a comprehensive and validated exposure variable, and thoroughly validated outcomes. We also accounted for changes in dietary habits during follow-up with repeated assessments and including n-3 PUFA intake as a time-varying variable in our analyses. However, some limitations of the study merit consideration. There were substantial exclusions due to incomplete questionnaires, and the included participants were younger and healthier compared with those who were excluded.
This influences the generalizability of the study population, but the study still addresses the principal association between intake of n-3 PUFAs and the risk of VTE. However, several factors may influence the precision of our risk estimates. The reproducibility of self-reported fish intake in the Tromsø study has been reported to be moderate (Spearman correlation coefficient = 0.41-0.56), 41 and in general, dietary questionnaires may only reflect 20% of n-3 PUFAs levels measured in erythrocytes. 42 However, these are misclassifications unrelated to the outcome, which would lead to underestimated risk estimates. Additionally, although we reassessed exposure during follow-up, the median duration of the observation periods was still relatively long in our study (12 years).
As confirmed by the sensitivity analyses with maximum 5 years of follow-up, the main results are probably subject to regression dilution and the true association likely underestimated. Moreover, residual confounding cannot be excluded, although the risk estimates were approximately similar when more extensively adjusted models were tested. Finally, there were slight differences in the questionnaires used the fourth and the sixth survey of the Tromsø Study. However, serum triglyceride concentrations predicatively decreased with increasing n-3 PUFA intake, 43 and there was a significant dose-dependent increase in serum concentration of marine n-3 PUFAs with higher reported intake, both observations supporting the validity of our variable.
In conclusion, we found lower risk of VTE with a weekly intake of ≥4.7 g of marine n-3 PUFAs, with no evidence for increased protection with higher intake. The association appeared to be driven by an effect on provoked events, and particularly provoked PE. The findings should be replicated in future studies with objectively assessed n-3 PUFA concentrations.
